Abstract: Monitoring soil moisture dynamics from local to global scales is essential for a wide range of applications. The field of remote sensing of soil moisture has expanded greatly and the first dedicated soil moisture satellite missions (SMOS, SMAP) were launched, and new missions, such as SENTINEL-1 provide long-term perspectives for land surface monitoring. This special issue aims to summarize the recent advances in soil moisture estimation from remote sensing, including recent advances in retrieval algorithms, validation, and applications of satellite-based soil moisture products. Contributions in this special issue exploit the estimation of soil moisture from both microwave remote sensing data and thermal infrared information. The validation of satellite soil moisture products can be very challenging, due to the different spatial scales of in situ measurements and satellite data. Some papers present validation studies to quantify soil moisture uncertainties. On the other hand, soil moisture downscaling schemes and new methods for soil moisture retrieval from GPS are also addressed by some contributions. Soil moisture data are used in fields like agriculture, hydrology, and climate sciences. Several studies explore the use of soil moisture data for hydrological application such as runoff prediction.
Introduction
Soil moisture is an essential variable in the earth system, as it influences the exchange of water, energy and carbon fluxes between the land surface and the atmosphere. It plays important roles in various processes and feedback loops within the earth system [1] [2] [3] [4] . Soil moisture can be measured by instruments in the field [5] or estimated by remote sensing techniques [1] . With the advances in earth observation technology, the field of remote sensing of soil moisture has expanded greatly in the past decades [6] . Observations from both microwave and optical/thermal infrared sensors have been successfully used to retrieve surface soil moisture [7] [8] [9] . In particular, soil moisture retrieval from microwave observations has been highly advanced and several global soil moisture products have been produced [10, 11] , such as the Advanced Microwave Scanning Radiometer-EOS (AMSR-E) [12] , the advanced scatterometer (ASCAT) [13] , the Soil Moisture and Ocean Salinity (SMOS) [14, 15] , the Soil Moisture Active Passive (SMAP) [16] , and the European Space Agency's Climate Change Initiative (ESA CCI) soil moisture products [17, 18] . Extensive validation studies, either through direct comparison against in-situ measurements, or intercomparison among different remotely sensed products, have been conducted to quantify the accuracy of these soil moisture products [19] [20] [21] [22] [23] . In addition, the applications of these products have also been widely explored in many fields like agriculture, hydrology, and climate sciences [24] [25] [26] [27] .
Nevertheless, there are still potentials to improve the retrieval algorithms, and open scientific questions on validation and application of the remotely sensed products. In addition, there is strong need to develop high spatial and temporal resolution soil moisture products [28] . Several new satellite missions such as Sentinel-1 provide the opportunity for the estimation of soil moisture at high temporal and spatial resolution. On the other hand, new approaches are required to improve the spatial and temporal resolutions of the existing soil moisture products, such as the synergy of both microwave and optical/thermal soil moisture products. Therefore, this special issue aims to discuss the current state-of-the-art in soil moisture remote sensing, including recent advances in retrieval algorithms, validation, and applications of satellite-based soil moisture products.
Summary of the Special Issue
This special issue contains 8 well-written papers, which cover a range of topics in remote sensing of soil moisture such as retrieval algorithms, validation, uncertainty assessment, spatial downscaling and applications of remotely sensed soil moisture. A brief overview of these contributions is summarized as follows.
With the use of a large range of Synthetic Aperture Radar (SAR) and in situ measurements, Choker, et al. [29] evaluated the most commonly used backscattering models including Oh, Dubois, Integral Equation Model (IEM) and Advanced Integral Equation Model (AIEM). Their results highlight the best performance of a modified IEM model by Baghdadi, et al. [30] . Since the high-resolution Sentinel-1A and -1B SAR data are already available for the scientific community, the results presented by Choker, et al. [29] will provide a good reference for estimating soil moisture using these Sentinel-1 SAR data.
In addition to the estimation of soil moisture from microwave data, some studies exploit the feasibility of estimating soil moisture at high spatial resolution from optical/thermal satellite observations. For example, Alexandridis, et al. [31] applied a simple approach to estimate root zone soil moisture based on remotely sensed energy balance fluxes and ancillary soil and meteorology data. Without the need of microwave data, the study mainly relies on the moderate resolution imaging spectroradiometer (MODIS) optical and thermal band data. With the use of Landsat 7 data and weather data, Torres-Rua, et al. [32] estimated surface soil moisture using a Bayesian machine learning approach (Relevance Vector Machine), which identifies and relates the soil moisture to potential predictors such as vegetation index, energy balance products by means of stratified cross-validation and forward variable selection. They managed to obtain surface soil moisture. Both studies show the potential of estimating high spatial resolution soil moisture with optical/thermal band data. The research in this direction will shed a light on the fusion of microwave and optical/thermal data to obtain soil moisture at both high temporal and spatial resolutions.
In terms of new soil moisture retrieval technique, Koch, et al. [33] developed a new method to retrieve soil moisture from measurements of Global Positioning System (GPS) sensors. The proposed approach is based on GPS signal (L1-band) strength variations due to variations in the dielectric constant of the soil. As the GPS signal can be received globally, the proposed method could be used to establish soil moisture measurement networks over different regions of the world.
Ray, et al. [34] evaluated four remotely sensed soil moisture products, derived from Advanced Microwave Scanning Radiometer-Earth (AMSR-E), Soil Moisture Ocean Salinity (SMOS), AMSR2 and Soil Moisture Active Passive (SMAP), with in situ measurements over the state of Texas in the United States. The evaluation results highlight the best performance of SMAP product among others.
In order to improve the spatial resolution of the Global Land Data Assimilation System (GLDAS) soil moisture product, Park, et al. [35] proposed a soil moisture downscaling approach by the use of machine learning with different remote sensing products, including soil moisture from AMSR2 and ASCAT, NDVI, LST, and land cover from MODIS, and a digital elevation model from Shuttle Radar Topography Mission (SRTM). The downscaled 1 km soil moisture product in East Asia may provide valuable information for hydrological and agricultural applications.
Finally, two papers focused on the applications of remotely sensed soil moisture. Shin, et al. [36] attempted to estimate the soil hydraulic properties from remotely sensed Soil moisture. The developed dynamic ground water (DGW) data assimilation approach can help to improve the accuracy of root-zone soil moisture estimates. The paper by Sunwoo and Choi [37] provided an initial wetness condition (IWC) framework, which adopts remotely sensed soil moisture (ASCAT) to provide a more accurate runoff prediction. The proposed framework may facilitate the runoff prediction particularly over data-sparse regions.
Conclusions
Much progress has been made in remote sensing of soil moisture in the past decades. This special issue summarizes the current state-of-the-art in soil moisture remote sensing, including algorithm development, validation, uncertainty assessment, and applications of remotely sensed soil moisture products. Some papers exploit the use of both microwave and thermal infrared data for the estimation of soil moisture. Several contributions quantify the soil moisture uncertainties through validation studies. There are also studies focusing on the improvement of the soil moisture spatial resolution and retrieval of soil moisture from GPS. In addition, some papers address the use of soil moisture in hydrological applications such as runoff prediction. Based on the analysis of these papers that are published in this special issue, the following points are concluded to represent the major requirements for the future research in remote sensing of soil moisture.
Improve the accuracy of the retrieved soil moisture: on one hand, retrieval methods still need to be improved to minimize the uncertainties. On the other hand, new techniques for measuring soil moisture, new methods for up-scaling point scale soil moisture and new validation schemes need to be developed to resolve the scale mismatch problem during the validation of remotely sensed soil moisture product.
Generate long-term high-resolution soil moisture products: there is a need to develop models and algorithms that combine multiple datasets (coarse/high resolution soil moisture, optical/thermal data, in situ measurements) to generate long-term high spatial and temporal resolution soil moisture datasets.
Promote the applications of the remotely sensed soil moisture products: near surface soil moisture has great potential to be used in many applications such as agriculture management, hydrology, weather and climate prediction. Relevant data assimilation and modeling schemes need to be developed to promote these applications. Additionally, new schemes for estimation of root zone soil moisture need to be developed due to the requirements for root zone soil moisture by many applications.
Maintain the current operational satellite-based soil moisture products: in order to keep the consistency of the current operational soil moisture products, there is a need to support the maintenance and continuous of these operational products.
